Abstract-In this paper the problem of 3D physiological motion compensation in beating heart surgery is resolved by an adaptive control architecture based on Model Reference Adaptive Control (MRAC). The proposed control architecture uses the measures of the contact efforts applied by the surgical tool on the heart to assure force feedback. No apriori information about motion characteristics is necessary. It includes a nonlinear feedback linearizing the robot dynamics and a velocity loop. Simulation results are presented to show the effectiveness of the proposed control architecture for 3D compensation of physiological motions in beating heart surgery. Furthermore, its robustness toward uncertainties on dynamic parameters and environment stiffness is shown.
I. INTRODUCTION AND RELATED WORK
In cardiac surgery, physiological motions induced by the heartbeat and respiration can make it very problematic for the surgeon to perform skillful and precise operations on the heart. These motions represent a source of perturbations that make surgical tasks very difficult to perform. It is proved that manual tracking of heart motion cannot be achieved without phase and amplitude errors [1] . For many years, cardiac surgery has been performed using an external machine that insures blood circulation and body's oxygenation. This technique allows the surgeon to operate on a stopped heart and perform precise gestures. However, the use of the heart-lung machine implies more risks and a longer recovery time [2] . An alternative technique to cancel beating heart motion is the use of a passive mechanical stabilizer. This device stabilizes a small region on the heart surface by suction or pressure. However, the stabilizer may damage the myocardium tissue and experiments performed on pigs show a residual cardiac motion that is still important to achieve heartbeat surgery [3] . To avoid the use of the heart-lung machine and overcome the problems related to the physiological motions, robotized systems using vision or force control to compensate them have been developed. In this context, several control architectures have been proposed to deal with motion compensation in minimally invasive beating heart surgery. Based on a vision sensor, Nakamura et al. [4] developed the first system for estimating the heart motion using high-speed cameras by tracking markers fixed on the heart surface. In [5] , Ginhoux et al. proposed a vision based approach for motion canceling using model predictive control to get higher precision tracking. Once again, a camera is Zeineb Zarrouk, Ahmed Chemori and Philippe Poignet are with LIRMM, Univ. Montpellier 2 -CNRS, 161 rue Ada, 34392 Montpellier, France chemori@lirmm.fr employed to track artificial markers placed on the heart surface. However, the use of additional markers is not desirable in real surgical procedures due to the space limitation and to the problems related to their fixation. To avoid such problems, Ortmaier et al. [6] have used the natural textures on the heart surface for estimating the heart motion using vision. In this approach, salient features on the heart surface were tracked using a motion model. In [7] , Bebek et al. demonstrated that the tracking motion can be improved by the use of electrocardiogram (ECG) signal in the motion estimation. Their approach is based on the fusion of the heart motion measured by mechanical motion sensors and the ECG signal. This information is used to predict the feedforward reference signal. Both control approaches developed in [5] and [7] used algorithms predicting the future heart motion based on recorded heart cycles. However during a contact task, the forces applied on the heart introduce disturbances modifying the natural motion. In this case, the predictive algorithms may fail to accurately predict and compensate the future heart motion. Besides the problem of the heartbeat in minimally invasive cardiac surgery, an important obstacle encountered by surgeons is the significant degradation of haptic feedback about the surgical instrument interaction with tissues. Indeed, surgeons can only estimate contact forces through the tissue deformation. Therefore, focusing on motion compensation using force feedback, Cagneau et al. [8] proposed an approach based on a PI scheme coupled with an Iterative Learning Control (ILC). The proposed algorithm assumes that the heart motion is periodic. This hypothesis may be too restrictive and the experiments performed on an animated contact show large tracking errors. In [9] , a novel technique is proposed to compensate physiological motions using force control. This approach is based on two independent Active OBservers (AOB) designed for force control and motion compensation. The first AOB has its estimation strategy tuned for haptic telemanipulation, providing control actions through estimated states to achieve a desired closed loop dynamics. The second AOB performs control actions referred to the system input. The obtained simulation of this control approach shows good compensation of sinusoidal and non-sinusoidal physiological motions. In [10] , Dominici et al. proposed a predictive force control for compensating physiological motions based on a process model to predict future plant behavior using past and current forces applied values. Simulation results show the efficiency of the proposed control approach to compensate heart motion along Z axis. This present paper deals with a technique to compensate physiological motions in minimally invasive beating heart surgery based on an adaptive force feedback scheme. The paper is organized as follows : Section II describes the D2M2 robot manipulator whose dynamic model is used for simulations. Section III describes the proposed control architecture used in the compensation problem. Simulation results are presented and commented in Section IV. Finally, Section V deals with some concluding remarks.
II. THE D2M2 ROBOT MANIPULATOR
The D2M2 (cf. Fig. 1 ) is a robot manipulator designed for surgery experiments. It has 5 degrees of freedom with direct drive actuators providing high-bandwidth motion tracking and low friction. These properties allow the robot endeffector to track the heart motion characterized by high frequencies and may ensure motion compensation. An ATI Mini 40 force sensor is fixed at the extremity of the endeffector to measure in real time the forces applied by the robot on the environment. The dynamic model [11] of the D2M2 robot in contact with its environment is given by : 
with:
and G x are respectively the inertial matrix, the Coriolis and centrifugal force vector and the gravity term written in Cartesian space. F sc denotes the commanded force andJ = dJ dt is the first derivative of the Jacobian matrix. Let us now consider the control input F sc as :
This leads to the following fully linearized and decoupled second order system :Ẍ
where f * is an acceleration, being an input parameter. In this work, the singularity of the Jacobian matrix is not considered. In fact, the low amplitude of the heart motion signal may not put the robot in a singular configuration. Equation (4) represents the dynamics of a unitary mass for each Cartesian dimension described by Fig. 2 . Introducing the gain K 2 of the velocity loop (cf. Fig. 3 ), the 
where p represents Laplace operator and F e is the Cartesian force applied by the robot and u is the control input.
III. PROPOSED ADAPTIVE FORCE FEEDBACK CONTROL ARCHITECTURE A. Global control architecture
The global control scheme, shown in Fig. 3 , is composed of five parts, namely:
• The system plant linearized in Cartesian space • The contact environment • The adaptive controller • The reference model which characterizes the closedloop desired performance
• A linear pre-filter H m that determines the reference signal. It is given by :
In the following section, the different blocks of the global control architecture are detailed.
B. Exact feedback linearization of the robot dynamics
To ensure the heart compensation, the proposed control architecture is based on a linear adaptive controller. The use of a linear controller implies full exact input-state linearization of the robot dynamics. The linearized model is presented and described in section II.
IV. SIMULATION RESULTS AND ROBUSTNESS ANALYSIS
This section focuses on the simulation results of the proposed control architecture described in section III. Simulations are performed using MATLAB R2007a software. The beating heart signals simulating the heart motion are those of [15] . They have been recorded on a pig beating heart using a vision based system. The obtained 3D motions data are displayed in Fig. 5 . The force reference is the output [15] of the pre-filter H m described by equation (5) with ω = 50 and ξ = 1. This pre-filter inhibits the sudden changes of forces that may generate important torques. Three simulation scenarios are performed, namely :
• motion compensation in nominal case, • robustness toward parameters uncertainty, • robustness toward stiffness uncertainty, they are detailed in the following sections.
A. Simulation 1: Nominal case
The initial condition of this first simulation assumes that the robot's end-effector is in contact with the organ. The realtime motion data, which are previously presented, are used to simulate the 3D motion of the beating heart. According to the real-time experiments achieved in [16] , the contact stiffness in our simulator is set to 800 N/m. Three MRAC controllers are used along X, Y , and Z to ensure compensation in 3D. In this simulation scenario, the robot parameters are considered perfectly identified and the external disturbances are supposed to be zero. A variable force reference is applied along each axis. The three first graphs in Fig. 6, 7 , and 8 display the evolution of the desired forces in solid line and the applied forces in dashed line along the axis X, Y , and Z respectively. The maximal force error is about 3% corresponding to a position error of about 3.7 × 10 −3 %. Fig.  9 shows the heart position (dashed line) and the robot endeffector position (solid line). The difference between the two is due to the D2M2 end-effector penetration of the heart surface, in order to track the desired force. Fig. 10 represents the evolution of the torques generated by the motors of the robot, where it can be clearly seen that they remain within the admissible limits given by the manufacturer of the actuators (150 N.m) . The peaks that appear in these curves correspond to the changes in the reference forces. This first simulation is carried out without errors introduced. It shows the good performance of the proposed force feedback control architecture to ensure 3D heartbeat compensation. In the next simulations, different uncertainties are considered to show the effectiveness and the robustness of the proposed control architecture.
B. Simulation 2: Robustness toward dynamic parameters uncertainty
In this simulation scenario, uncertainties on parameters are considered. In view of the fact that the amplitude of the heart motion is more important along Z axis, we introduce 25% of uncertainties on parameters corresponding to the Z axis and 5% on the other parameters. The maximal force error recorded along X axis is almost 5,3% and 2% along Y and Z axis. This resuts can be explained by the number of parameters that are greater along X axis. This simulation proves that the controller is able to adapt its parameters to conform to another system whose parameters are different from the nominal one. The results of the tracking heart motion are shown in Fig. 11 .
C. Simulation 3: Robustness toward environment stiffness uncertainty
In this simulation, we consider the situation where the robot's end-effector interacts with tissues of a stiffness different from the nominal one. The environment stiffness is set to 1200 N/m. This means that the stiffness uncertainty introduced is 50% of the nominal value. The 3D compensation of heart motion is shown in Fig. 12 . Requiring more energy to apply the desired forces, the torques represented in Fig.  13 , are greater comparing to the nominal case, nevertheless, they remain within the admissible limits.
D. Comparison with other control architectures
The force control architectures developed in [10] and [9] are based on a force feedback and linear controllers. These architectures were performed in task space and tested in simulation. A comparison of the proposed approach with these approaches is summarized in table I :
Our controller
Predictive controller [10] AOB controller [9] 3D compensation 1D compensation 3D compensation Use of real heart motion data Use of real heart motion data use of a non linear function simulating the heart motion Robustness test toward stiffness uncertainties (50%) [10] AND [9] V. CONCLUSION AND FUTURE WORK This paper deals with an adaptive based force control architecture for 3D physiological motion compensation in mini-invasive cardiac surgery. The proposed control approach takes into consideration the breathing and heartbeat motion without adding markers in the workspace to measure the motion. Instead, a force sensor, located at the extremity of robot's end-effector, is used to measure contact forces applied by the surgical tool on the heart surface. Three simulation scenarios have been implemented on the D2M2 robot manipulator. The first one deals with the nominal case, whereas the two others deal with robustness test of the proposed control scheme toward uncertainties on dynamic parameters and environment stiffness. The next step of our work will be focused on real-time implementation of the proposed control architecture on the D2M2 experimental setup. Furthermore, to improve the effectiveness of the proposed control architecture, future work can also include a study of the possibility of taking into account actuators' saturations in the design of the control approach. 
